In metazoans, U6 small nuclear RNA (snRNA) gene promoters utilize a proximal sequence element (PSE) recognized by the small nuclear RNA-activating protein complex (SNAPc). SNAPc interacts with the transcription factor TFIIIB, which consists of the subunits TBP, Brf1 (Brf2 in vertebrates), and Bdp1. Here, we show that, in Drosophila melanogaster, DmSNAPc directly recruits Bdp1 to the U6 promoter, and we identify an 87-residue region of Bdp1 involved in this interaction. Importantly, Bdp1 recruitment requires that DmSNAPc be bound to a U6 PSE rather than a U1 PSE. This is consistent with the concept that DmSNAPc adopts different conformations on U6 and U1 PSEs, which lead to the subsequent recruitment of distinct general transcription factors and RNA polymerases for U6 and U1 gene transcription.
RNA polymerase III (Pol III) promoters were originally identified as DNA sequences internal to the 5S rRNA and tRNA genes (i.e, located downstream of the transcription start site); however, many genes transcribed by Pol III have promoters that are located in the 5 0 -flanking DNA [1] [2] [3] . Pol III genes with external promoters include metazoan genes that code for U6 and U6 atac snRNAs, 7SK RNA, tRNA sel , H1 and MRP RNAs as well as a number of other small noncoding RNAs [4] [5] [6] [7] [8] [9] [10] [11] [12] . These gene-external Pol III promoters are bipartite, consisting of both a TATA box and a proximal sequence element (PSE) centered about 30 base pairs (bp) and 55 bp upstream of the transcription start site, respectively [3,10,11].
The TATA box in this class of Pol III genes is an interaction site for the three-subunit general transcription factor TFIIIB [13, 14] that in mammals consists of TBP, Brf2, and Bdp1. Brf2 is paralogous to the more evolutionarily ancient Brf1 protein. Although Brf1 is used at mammalian Pol III-transcribed genes with internal promoters (e.g., tRNA and 5S RNA genes), Brf2 is instead used specifically at genes with upstream promoters (e.g., U6 and 7SK) [15] [16] [17] .
In contrast, no protein orthologous to mammalian Brf2 is encoded in the Drosophila melanogaster genome; fruit flies therefore utilize Brf1 at both upstream and internal Pol III promoters [18] . However, an interesting difference exists in the basal transcription machinery utilized at fruit fly Pol III-transcribed genes that have external versus internal promoters: those with internal promoters utilize the TBP-related factor TRF1 [18, 19] , but those with external promoters such as U6 employ the canonical TBP [20] . Thus, in flies the TFIIIB complex at tRNA and 5S RNA promoters consists of Abbreviations PSEA, Proximal sequence element A; PSE, proximal sequence element; SNAPc, snRNA-activating protein complex.
TRF1, Brf1, and Bdp1, but at U6 and U6-like promoters, TFIIIB consists of TBP, Brf1, and Bdp1.
The PSE is the binding site for the multisubunit small nuclear RNA-activating protein complex (SNAPc) [21, 22] , also known as PTF [23, 24] . Three subunits of SNAPc (SNAP43, SNAP50, and SNAP190) appear to be conserved throughout metazoan evolution [11] . Beyond their role in Pol III transcription, the PSE and SNAPc are also essential for the expression of snRNA genes that are transcribed by RNA polymerase II (Pol II) (e.g., U1-U5 genes) [10, 11, [25] [26] [27] .
Studies by our laboratory have shown that the PSEs (more specifically referred to as PSEAs in fruit flies) of D. melanogaster U1 and U6 snRNA genes are not interchangeable. That is, a U1 PSEA does not support Pol III transcription of a U6 gene, and a U6 PSEA does not support Pol II transcription of a U1 gene, even though they are identical at 16 of 21 nucleotide positions and both are bound by D. melanogaster SNAPc (DmSNAPc) [11, [28] [29] [30] [31] . Furthermore, site-specific protein-DNA photo-cross-linking studies have indicated that DmSNAPc cross-links in a distinctive manner to the PSEA of a U6 gene versus the PSEA of a U1 gene [11, 30, [32] [33] [34] [35] [36] . These data have led to a model in flies in which the specific PSEA sequence, U1 or U6, acts as an allosteric effector of DmSNAPc conformation that leads to recruitment of different sets of general transcription factors (GTFs) and ultimately to RNA polymerase specificity [11, [32] [33] [34] [35] [36] .
Early studies in the human system revealed that SNAPc recruited TBP to the U6 gene promoter through cooperative-binding interactions [37] . It was also observed that SNAPc interacted with and recruited Brf2 to U6 promoter DNA [38] . By acting together, SNAPc and Brf2 incorporated limiting levels of TBP into a more stable SNAPc-Brf2-TBP-U6 promoter DNA complex [13, 38, 39] . No direct interactions between Bdp1 and SNAPc were observed in those studies. However, a recent report that appeared while the work described in this manuscript was being carried out detected an interaction between human SNAPc and Bdp1 [40] .
Here, we describe experiments that likewise demonstrate that DmSNAPc can recruit Bdp1 to the D. melanogaster U6 promoter in the absence of Brf1 or TBP. In addition, we have identified an 87-amino-acid region of Bdp1 that is sufficient for the formation of this complex with DmSNAPc. We also find that DmSNAPc is amazingly unable to recruit Bdp1 when DmSNAPc is bound to a U1 PSEA in an otherwise identical U6 promoter context. This finding extends our model of RNA polymerase specificity by providing a molecular rationale for DmSNAPc recruitment of Pol III GTFs to the U6 promoter but not to the similar U1 promoter.
Materials and methods

DmSNAPc expression constructs
The preparation of untagged constructs encoding wild-type DmSNAP43, DmSNAP50, and N-terminal His 6 -FLAGtagged DmSNAP190 constructs under the control of the copper-inducible D. melanogaster metallothionein promoter has been previously described [41] . These expression plasmids for each of the DmSNAPc subunits were used to cotransfect D. melanogaster S2 cells as previously described [41] . Subunit coexpression was induced with copper sulfate and confirmed by immunoblotting with anti-FLAG M2 monoclonal antibodies (Sigma #A9469, St. Louis, MO, USA) or antibodies made against synthetic peptides corresponding to amino acid sequence at or near the C terminus of the wild-type proteins [33] .
TFIIIB expression constructs
Constructs that encode full-length C-terminal V5-His 6 -tagged TBP or Brf1 and C-terminal FLAG-Myc-His 6 -tagged Bdp1 under the control of the copper-inducible metallothionein promoter have been previously described [14] . Bdp1 truncation constructs were prepared by PCR, restriction digestion, and recloning as previously described for the DmSNAPc subunit truncation constructs [41] . End points of the Bdp1 truncations were chosen to be within evolutionarily nonconserved regions that were flanked by evolutionarily conserved regions of the corresponding proteins. Expression plasmids were then used to generate stably transfected S2 cell lines [41] . Copper sulfate-induced expression was confirmed by immunoblotting with anti-V5 monoclonal antibodies (Life Technologies #R960-25, Carlsbad, CA, USA) for TBP and Brf1 detection and anti-FLAG M2 monoclonal antibodies (Sigma #A9469) for Bdp1 detection.
Nickel-chelate chromatography
Following copper sulfate induction, cells (eight 15 cm diameter plates per cell line grown to $ 100% confluency) were lysed in CelLytic M lysis buffer (Sigma #C2978) containing 1% protease inhibitor cocktail (Sigma # P8340). Lysates were then adjusted to a NaCl concentration of 0.5 M prior to incubating with ProBond resin (Life Technologies #R80101) for 2 h for DmSNAPc, Brf1, and TBP proteins and 30 min for Bdp1 proteins to allow the capture of the His 6 -tagged proteins. The resins were then washed three times in 50 mM sodium phosphate buffer (pH 8.0), 0.5 M NaCl, 20 mM imidazole, and then once in HEMG-100 buffer (25 mM HEPES K+ [pH 7.6], 0.1 mM EDTA, 12.5 mM MgCl 2 , 10 lM ZnCl 2 , 10% glycerol, 100 mM KCl) containing 0.5 mM phenylmethylsulfonyl fluoride and 20 mM imidazole. The proteins/complexes were eluted from the resin with 750 mM imidazole in HEMG-100 buffer followed by addition of 3 mM dithiothreitol to each elution and then dialyzed against HEMG-100 buffer without imidazole but containing 1-3 mM dithiothreitol. For some experiments, untagged full-length recombinant Bdp1 was utilized that was custom expressed in bacteria and purified by GenScript (www.genscript.com).
Electrophoretic mobility shift assays
Electrophoretic mobility shift assays were performed as previously described [42] . Briefly, reactions were carried out in 21-lL volumes in HEMG-100 buffer containing 5 mM dithiothreitol. Each reaction also contained 2 lg of poly (dG-dC) (Sigma #P9389). Reactions were incubated with 32 P-labeled DNA probes ( Fig. S1 ) for 30 min at 25°C. For antibody-induced supershifts, the antibodies were added halfway through the 30-min incubation. Complexes were then run on 4% nondenaturing polyacrylamide gels in 25 mM Tris, 190 mM glycine, 1 mM EDTA (pH 8.3), and detected by autoradiography.
Results
In recent work, our laboratory found that D. melanogaster TFIIIB, consisting of TBP, Brf1, and Bdp1, could be assembled in vitro on the TATA box of the U6:96Ab snRNA gene promoter independently of the presence of DmSNAPc [14] . However, mutation of the DmSNAPc-binding site (the PSEA) resulted in the inactivation of U6 gene transcription in cells [30] , suggesting that recruitment of TFIIIB in vivo is dependent on DmSNAPc. To better understand the biochemical mechanisms behind this recruitment, we decided to investigate whether interactions between DmSNAPc and TFIIIB subunits could be identified on the U6 promoter in vitro.
Bdp1 can be recruited to the U6 promoter by DmSNAPc
We first investigated whether interactions between DmSNAPc and each of the TFIIIB subunits could be detected by EMSAs. His 6 -tagged proteins [TBP, Brf1, or DmSNAPc (DmSNAP43, DmSNAP50, and DmSNAP190 together)] were overexpressed in D. melanogaster S2 cells and partially purified by nickel-chelate chromatography as described in Materials and Methods. Bdp1 was expressed as a tagged protein in S2 cells or was obtained in an untagged form after expression in Escherichia coli. The EMSA probe contained the wild-type DNA sequence extending from positions À75 to À7 relative to the U6:96Ab gene transcription start site (Fig. S1 ). Figure 1A shows that TBP (lanes 1-3) and DmSNAPc (lanes 7 and 14) each bound individually to the DNA A B P-labeled DNA probe that contained U6 promoter DNA from position À7 to À75 base pairs upstream of the transcription start site (Fig. S1 ). Reactions shown in lanes 4-7, 11-14, and 18-20 each contained 4 lL of DmSNAPc. Reactions run in lanes 1-3 and 4-6 contained TBP in increasing amounts (1, 1.7, or 2.5 lL) as indicated above each three-lane set. Lanes 8-10 and 11-13 contained Brf1 in increasing amounts (1, 2, or 4 lL) as indicated above the respective lanes. probe. This was expected since the probe contained both a PSEA (À63 to À43) and a TATA box (À30 to À23). Despite the significant difference in molecular size, the TBP band ran just barely ahead of the DmSNAPc band (probably due to TBP bending the DNA). When DmSNAPc and TBP were both added to the reactions (Fig. 1A, lanes 4-6) , the TBP band no longer appeared. Instead, bands of slower mobility were observed, and the amount of free probe remaining was drastically reduced. This suggests that there might be a certain degree of cooperative binding between DmSNAPc and TBP to the DNA fragment, a result that would be consistent with observations in the human system [13, 38, 39] . However, the question of DmSNAPc/TBP cooperativity was not investigated further as it was not directly relevant to the more interesting and novel findings reported in the remainder of this communication.
Brf1 did not bind to DNA by itself nor was there any evidence that it could stably interact with DmSNAPc on the DNA (Fig. 1A, lanes 8-13) . As expected, Bdp1 alone did not bind to DNA (lanes 15-17), but the bacterially expressed Bdp1 stably interacted with DmSNAPc to produce a supershifted band corresponding to a Bdp1-DmSNAPc complex (lanes [18] [19] [20] . To verify that the supershifted band contained both DmSNAPc and Bdp1, we expressed Bdp1 with a C-terminal Myc tag in S2 cells. When the tagged Bdp1 was added to an EMSA reaction that contained DmSNAPc, the same Bdp1-DmSNAPc supershifted band was observed as previously seen with the bacterially expressed Bdp1 (Fig. 1B , lane 2, and data not shown). This band was further supershifted by antibodies directed against the Myc tag on Bdp1 or against a C-terminal epitope of DmSNAP190 (lanes 3 and 4, respectively). These results revealed that DmSNAPc and Bdp1 together formed a stable complex on the U6 promoter even though Bdp1 had no detectable DNA-binding activity of its own.
Recruitment of Bdp1 to the U6 promoter by DmSNAPc involves a region of Bdp1 just C-terminal the Bdp1 SANT domain
We next employed N-terminal and C-terminal truncations of Bdp1 to map a region of Bdp1 required for its recruitment by DmSNAPc. The most prominent feature of Bdp1 is that it contains an evolutionarily conserved SANT domain that extends between amino acids 346 and 403 in the D. melanogaster protein (Fig. 2A, top rectangle-labeled 'FL' ). In yeast, the Bdp1 SANT domain is involved in interacting with Brf1 [43] [44] [45] [46] . The truncation constructs shown in Fig. 2A were expressed in S2 cells, subjected to purification by nickel-chelate chromatography, and used in EMSAs with wild-type DmSNAPc (Fig. 2B-D) . The integrity of each of the expressed truncated proteins was confirmed by immunoblotting (Fig. S2) .
Initially, nine Bdp1 expression constructs with deletions at either the N terminus ( Fig. 2A, constructs  A-D) or with deletions at the C terminus (constructs E-I) were prepared. The shortest construct in each case was truncated just beyond the SANT domain. The EMSA results indicated that constructs A through D each formed a slower migrating complex on the DNA when added together with DmSNAPc (Fig. 2B, lanes 3-6) . Thus, amino acid residues C-terminal position 424 were sufficient for Bdp1 recruitment by DmSNAPc, and the SANT domain was clearly not a requirement for Bdp1 recruitment by DmSNAPc.
When the C-terminal Bdp1 truncation constructs were used in the EMSAs, the constructs that contained the first 615 or 510 residues from the N terminus of the protein (constructs E and F) formed a slower migrating complex with DmSNAPc on the U6 promoter fragment (Fig. 2B, lanes 9 and 10) . However, Bdp1 truncations that left 464 N-terminal amino acid residues or fewer (constructs G, H, and I) were unable to form a slower migrating complex (Fig. 2B, lanes  11-13) . The contrasting results with constructs F and G implicated a region of Bdp1 lying between residues 465 and 510 as being essential for Bdp1 recruitment by DmSNAPc.
Based on these results with the initial nine constructs, two additional N-terminal truncation constructs were prepared that deleted regions of Bdp1 just beyond the SANT domain ( Fig. 2A , constructs J and K). Neither of these constructs was able to form a slower migrating complex with DmSNAPc (Fig. 2C , lanes 5 and 6). The specific results with constructs D and J indicate that a region of Bdp1 between residues 424 and 465 is important for Bdp1 interaction with DmSNAPc. The results from the N-terminal and Cterminal truncations, when taken together, implicate a region of Bdp1 between residues 424 and 510 as being required for Bdp1 interaction with DmSNAPc on the U6 promoter.
To explore whether this same 87-amino-acid region of Bdp1 was sufficient for interaction with DmSNAPc in the context of the U6 promoter, three additional constructs were created ( Fig. 2A, constructs L-N) . Construct L contained only the 87-amino-acid region between residues 424 and 510; construct M contained this region plus the SANT domain; and construct N contained only the SANT domain, which should be a well-structured domain [40] but possibly not involved in the interaction with DmSNAPc.
When EMSAs were performed (Fig. 2D) , full-length Bdp1 and construct F (positive controls, lanes 2 and 4) each produced a band-migrating slower than DmSNAPc alone (lane 1), whereas construct H (negative control, lane 3) and construct N (only the SANT domain, lane 7) did not. Interestingly, constructs L and M, which both contained amino acid residues 424-510, each produced a darker band that had a slightly retarded mobility compared to that obtained with constructs that did not interact with DmSNAPc (compare lanes 5 and 6 with lanes 3 and 7) . The small magnitude of the change in mobility is likely due to the small size of constructs L and M. However, the increase in band intensity suggests that Bdp1 residues 424-510 alone are capable of stabilizing the interaction of DmSNAPc with U6 promoter DNA.
To produce a more distinct shift, antibodies against the Myc tag on the Bdp1 constructs were added to the same series of EMSA reactions (Fig. 2D, lanes 8-14) . Although the antibodies appear to have partially dissociated the complexes (compare lanes 8, 10, 11, and 12 with lanes 2, 4, 5, and 6, respectively), the bands obtained with constructs L and M (upon the addition of a-Myc) were significantly slower in mobility compared to the bands seen with constructs H and N or DmSNAPc alone (compare lanes 11 and 12 with 9, 13, and 14). Altogether, the findings presented in Fig. 2 provide substantial evidence that a region of Bdp1 between residues 424 and 510 is necessary and sufficient for Bdp1 interaction with DmSNAPc on the U6 promoter. Furthermore, these experiments detected no role for the SANT domain in this interaction.
Bdp1 recruitment by DmSNAPc is dependent on a U6 PSEA versus a U1 PSEA
We have previously shown that the PSEAs of Drosophila U1 and U6 genes are not functionally interchangeable for snRNA transcription even though they differ at only 5 of 21 nucleotide positions and are both recognized and bound by DmSNAPc. The U1 PSEA is only able to recruit Pol II, and the U6 PSEA is only capable of recruiting Pol III, as exchange of the PSEAs inactivated snRNA expression in vivo and switched the polymerase specificity in vitro [11, [28] [29] [30] [31] . Furthermore, evidence accumulated by site-specific protein-DNA photo-cross-linking has strongly suggested that DmSNAPc binds in different conformations to the U1 and U6 PSEAs [11, 30, [32] [33] [34] [35] [36] .
To investigate the molecular mechanism of the Pol III specificity of U6 snRNA gene promoters, we next performed experiments to determine whether the ability of DmSNAPc to recruit Bdp1 is dependent on a U6 PSEA (that specifically recruits Pol III) versus a U1 PSEA (that recruits Pol II). To do this, DNA EMSA probes were utilized in which the U6 PSEA was converted to a U1 PSEA (or vice versa) by means of five base changes (Figs. S1 and 3A) . When DmSNAPc was bound to the wild-type U6 promoter probe, the addition of increasing amounts of Bdp1 resulted in the formation of a DmSNAPc-Bdp1 complex on the DNA (Fig. 3B, lanes 1-7) . In contrast, when a probe was used that contained the U1 PSEA in the context of the U6 promoter, DmSNAPc itself bound very efficiently to the U1 PSEA but astonishingly was unable to recruit Bdp1 (Fig. 3B, lanes 8-14) .
As confirmation of the above results, we performed the reciprocal experiment in which five base changes were made in the U1 promoter that converted the U1 PSEA to a U6 PSEA. As expected from the preceding result, when the DNA probe contained entirely wildtype U1 promoter sequences, DmSNAPc bound to the DNA but was unable to recruit Bdp1 (Fig. 3B, lanes  15-21.) . However, when five base changes were made that switched the U1 PSEA to a U6 PSEA in the context of the U1 promoter, DmSNAPc successfully recruited Bdp1 (Fig. 3B, lanes 22-28) . These results are consistent with the concept that the sequence of the PSEA plays a role in Bdp1 recruitment by differentially affecting the conformation of DmSNAPc, thereby enabling DmSNAPc to recruit Bdp1 to the U6 promoter but not to the U1 promoter.
We noticed that Bdp1 was reproducibly recruited with less efficiency when the U6 PSEA was used in the context of the U1 promoter until a critical concentration of Bdp1 was employed. This suggests that other nucleotides in the U6 promoter may contribute to the efficiency of Bdp1 recruitment.
Discussion
Although progress has been reported through studies in the human system toward understanding how SNAPc and TFIIIB form a stable complex on U6 snRNA gene promoters, much remains unknown. Human SNAPc was found to stabilize the binding of TBP to the U6 promoter TATA box by means of cooperative-binding interactions [13, [37] [38] [39] . We likewise observed potential cooperative binding of DmSNAPc and TBP to U6 promoter DNA (Fig. 1) . More interestingly, though, we also detected an interaction between promoter-bound DmSNAPc and Bdp1, an interaction only recently observed in the human system and published [40] while our work was in progress [47] . By truncation and EMSA experiments, a region of Bdp1 required for recruitment by DmSNAPc was localized to residues 424-510 of D. melanogaster Bdp1, a region of the protein lying just C-terminal the highly conserved SANT domain (Fig. 2) .
By contrast, in the human system, the region of Bdp1 that interacted with SNAPc was not well localized. Gouge et al. [40] reported that Bdp1 constructs that contained the SANT domain together with sequences either N-terminal or C-terminal the SANT domain could interact with human SNAPc. Interestingly, deletion of the Bdp1 N-terminal sequences appeared to be more detrimental to this interaction than deletion of the C-terminal sequences. In clear contrast, we did not detect a stable interaction between DmSNAPc and the N-terminal domain of Bdp1 on the D. melanogaster U6 promoter, even with constructs that contained the SANT domain (Fig. 2,   Fig. 2 . A region of Bdp1 C-terminal the SANT domain is required for its recruitment by DmSNAPc. (A) Truncation constructs used to map a region of Bdp1 required for its interaction with DmSNAPc on the U6 promoter. The top rectangle represents full-length (FL) fly Bdp1 (695 amino acid residues). The location of the highly conserved SANT domain is also indicated. The black bars beneath represent the truncation constructs utilized in EMSA reactions. All constructs were expressed in S2 cells and were tagged with Flag-Myc-His 6 epitopes at the C terminus. The numbers at each end of the bars indicate the extent of the wild-type amino acid residues present in the expressed constructs. 1-7) or with a probe (lanes 8-14) that was identical except that it contained five nucleotide changes that converted the U6 PSEA to a U1 PSEA. The panel to the right shows a reciprocal experiment that employed a wild-type U1 promoter DNA probe (sequences from À75 to À7 relative to the U1 transcription start site) (lanes 15-21) or a U1 probe in which the U1 PSEA was switched to a U6 PSEA (lanes [22] [23] [24] [25] [26] [27] [28] . Lanes 2-7, 9-14, 16-21, and 23-28 contained bacterially expressed Bdp1 in increasing amounts as follows: 12.5, 25, 50, 75, 100, and 200 ng.
constructs G and H). In fact, construct H is very similar to a human Bdp1 construct that was reported to interact with SNAPc [40] . In contrast, in the Drosophila system, we observed a DmSNAPc interaction only with sequences that lie C-terminal the SANT domain. Presumably, these differences could be due to species-specific variations, differences in the stringency of the assays, or other unknown factors.
Perhaps, most interestingly, we found that DmSNAPc must be bound to a U6 PSEA in order to recruit Bdp1 (Fig. 3) . A five base pair change that converted the U6 PSEA to a U1 PSEA in the otherwise complete context of the U6 promoter abolished the ability of bound DmSNAPc to recruit Bdp1, even though DmSNAPc was still efficiently bound. This suggests that, when DmSNAPc is bound to a U1 PSEA, the Bdp1 interaction surface of DmSNAPc is occluded or wrongly disposed to interact with Bdp1. A second possibility, that cannot be ruled out by the data, is that Bdp1 may make sequence-specific contacts with nucleotides in the U6 PSEA that cannot take place with the U1 PSEA. However, a large body of evidence from site-specific protein-DNA photo-cross-linking indicates that DmSNAPc adopts different conformations on the U1 and U6 PSEAs [11, [32] [33] [34] [35] [36] . The new findings reported here are consistent with a working model of RNA polymerase specificity on snRNA genes previously proposed by our laboratory in which the specific DNA sequence of the PSEA affects DmSNAPc conformation and determines its ability to recruit only Pol III general transcription factors to the U6 gene and Pol II general transcription factors to the U1 gene.
An updated schematic model for snRNA gene RNA polymerase specificity is shown in Fig. 4 . When DmSNAPc binds to a U6 promoter, it exists in a conformation whereby it can recruit Bdp1 for Pol III transcription (Fig. 4A) . If the promoter were to contain a U1 PSEA instead of a U6 PSEA, Bdp1 could not be recruited (Fig. 4B) . Therefore, the PSEA sequence serves as a 'checkpoint' that effectively prevents Pol III from being recruited to U1-U5 snRNA gene promoters. Altogether, our results indicate that a network of very specific molecular interactions occur that cooperatively establish a stable protein-DNA complex on the fly U6 promoter specific for Pol III transcription (Fig. 4) . 
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